Introduction 20
In recent years there has been growing recognition of the existence of persistent quasi-zonal 21 jets (QZJs) in the mid-latitude atmosphere as well as in the atmospheres of gaseous planets 22
(an intensive review of such QZJs is given by Baldwin et al. (2007) . These jets were clearly 23 detected in the atmospheres of planets and Earth because they were intense and had a clear 24 signature in cloud systems although mechanisms of their generation were probably different. 25 This is not the case for the Earth's oceans because oceanic QZJs are latent (i.e. masked by 26 more intense non-zonal flows), and can only be extracted from observations and model results 27 by statistical procedures. Therefore, the role of QZJs in ocean dynamics and the nature of 28 modulations of a periodic nonlinear wave train can grow exponentially under certain 23 conditions. This is known as the modulational instability and was first identified by Benajm 24 and Feir (1967) annual RWs-MEs of two different scales. However for both these quartets, the SSH signal 29 was pumped from faster to slower scales, i.e. from annual and semi-annual currents to 30 biannual oscillations and quasi-zonal jets. 31 (c) QZJ (or BAO) generation by modulational instability required the existence of a certain 1 level of dissipativity in mesoscale flows. Dissipativity played an important role because it 2 determined a number of possible near-resonance interactions as well as the latency of 3 observed QZJs. 4
In general, the dimensionality of analyzed QZJs cannot be based on the analysis of SSHs 5 only. However, QZJs are shown to be dissipative structures and their generation was the 6 result of a self-organization process. Following Nicolis and Prigogine (1977) , dissipative 7 structures are defined as non-equilibrium thermodynamic systems that generate order 8 spontaneously by exchanging energy with their external environment. Self-organization is 9 generation of regular structures in far-from-equilibrium states of a dissipative system due to 10 interactions of the elements that make up the system (Nicolis and Prigogine, 1977) . 11
The remainder of the paper is organized as follows. Section 2 describes the data and methods 12 used. A system of jets (waves and eddies reconstructed from AVISO products) is discussed 13 in Section 3. Robustness and repetition of QZJ generation are demonstrated in Section 3. 14 Sections 4 and 5 include calculation of near resonance and resonance interactions off Central 15 California. The re-distribution of surface elevation between different scales and scales 16 dominating the surface elevation are discussed in Section 6. Although Section 6 is simply a 17 kinematic analysis, it is shown that energy was pumped from Rossby waves and mesoscale 18 eddies to QZJs and BAOs. The role of dissipativity in the process of energy re-distribution is 19 discussed in Section 7. Section 8 shows how different scales forming quasi-zonal jets and bi-20 annual oscillations were grouped in separate quartets. Conclusions are given in Section 9. was applied to the analysis of the SSH anomaly field. Following this approach, the SSH 28 . Fig. 1 shows the 4 structure of several basis functions for the observational region. About 1000 basis functions 5 were used to represent SSH with less than 1% rmse. Different combinations of basis 6 functions formed currents which had different spatial scales. 7
The spectral coefficients m a were then analysed using a discrete wavelet transform as 8 propagating waves and eddies) were selected within these six frequency bands and for a 20 spatial spectral band limited by the 30th (lower boundary) and 250th (upper boundary) M-21
modes. 22
Calculations should be robust for the choice of upper and lower boundaries: the results did 23 not change when the upper boundary of the band was moved toward higher-order modes, but 24 changed weakly when the lower boundary was moved to the 15th mode. As discussed in 25 Ivanov et al. (2010) , modes from 1 to 29 were responsible for large-scale seasonal variability 26 only. Rossby waves with periodicity from 4 months to 18 months cannot contain these modes 27 6 because this part of spectrum demonstrates no movements westward and therefore were not 1 included in the analyses. 2
Similarly, variations in observational sampling should not affect coherent (long-lived) 3 structures. The length of observational sampling was reduced 4-6 times without changing the 4 structure of quasi-jets. This was a consequence of using the Debaucher wavelet transform for 5 the spectral representation of spectral coefficients m a . 6
Note that we are going to analyse wave modulation instability in an {M-mode, ω} space 7 although the classical approach (see, for example Zakharov Figure 2a shows that the SSH signal was 24 very small for m>250 and that QZJs were considerably weaker than annual RW. Figure 2b  25 indicates that BAO were weaker than semi-annual RW. Explicit peaks for spectrum 2 m a were 26 observed for all frequency bands (Fig. 2a,b) within the domain bounded by 30th and 250th M-27 modes. This indicated the existence of energy-dominant scales in the mesoscale flow. The 28 instantaneous spectra were very rough with multiple narrow peaks (Fig. 2c) . The 29 instantaneous spectrum structure was similar to those observed in weakly nonlinear flows 30 (Rabinovich and Trubetskov, 1989) . 31
Characteristic spatial structures for all six frequency bands of the current system are shown in 1 Fig. 3 a,b,c,d ,e,f. The coherent structures shown in Fig. 3 for the different frequency bands 2 differed from one another and were not stationary. Temporal behavior is discussed below. 3
QZJs represented eddy chains stretched from east to west and each chain appeared as a 4 number of eddies of the same sign embedded in an envelope of less intensive zonal shear flow 5 (Fig 3a) . SSH in the jets reached 4-5 cm and was not less than 2.5-3 cm within the 17 year 6 observational period.
The ratio of zonal and meridional scales for the QZJs 7 BAOs did not demonstrate any steady motion to either west or southwest and their shape 14 differed somewhat from QZJs (Fig. 3b) . The structure of BAOs was often close to the 15 structure of standing waves and therefore they were interpreted as quasi-standing waves. The 16 oscillations were stronger than for QZJs. SSHs for BAOs reached ~ 5-7 cm. 17
Propagating RWs with annual and semi-annual periodicities were detected and are shown in 18 
The structure of semi-annual waves was close to meridional. Further discussion of the 5 behavior of the Rossby waves can be found in Ivanov et al. (2010) . 6
MEs-I and MEs-II with scales smaller than RWs were also observed off California (Fig. 3e,f) . 7
They formed an eddy field which was statistically inhomogeneous across-shore and 8 demonstrated mean propagation from the coast to the west or southwest. SSH for these 9 eddies reached several cm. To distinguish Rossby waves and mesoscale eddies, the spatial 10 phase coherence criterion (spatial correlation of the phase of the SSH field) was used [Ivanov 11 et al., 2010] . 12
Several features of the coherent structures observed off California were important for the 13 present analysis. First, all structures were generally weakly nonlinear excluding the cases 14 
where 
Four modes were members of a mode quartet if 6 that cannot be done because equations describing SSH anomaly motions contain terms which 25 cannot be determined from satellite altimetry data only. Therefore simpler characteristics 26 were calculated which described the re-distribution of the altimetry signal between scales (see 27 Section 6). This approach allowed calculation of general characteristics of the re-distribution 28 of energy. Generally, "inverse" transfer from fast motions to slower motions was observed 29 but not from small to large spatial scales. did not change much with time (Fig. 5a ). Quartets dominated off Central California. Kinematic analysis was applied to understand how mean squared SSH was re-distributed 2 between different scales. The number of quartets for which a signal was transferred from 3 waves and eddies to QZJs and BAOs is shown in Fig. 6a . (Note that this number was 4 considerably less than the total number of existing quartets shown in Fig. 5a .) This indicated 5 a dominant role for four-wave interactions (modulational instability) in the process of forming 6 SSH spectra as compared to three-wave interactions. 7 M-modes for QZJs and BAOs had mean time scales of 4.3±0.7 years and 2.4±0.9 years, 8 respectively (Fig. 6b) . Variations of both mean time scales were not large, which reflected a 9 high degree of regularity of QZJs and BAOs off California. 10 Since the wave steepness, q, can be larger than 1 for quite short time periods associated with a 11 transition to turbulence, under some conditions an inverse cascade can occur or coexist with 12 modulational instability. Naturally when 1  q , pure modulational instability dominates 13 
Increasing
M to 1000 increased the mean value of S only slightly to 0.72. These results 25 indicated that either there was no inverse cascade of energy or that the cascade was weak. . 26
The centroid for spectrum of 2  from 0 m =30 to M =1000 was also calculated to identify 27 inverse cascade. Fig. 7b demonstrates the behavior of the spectral centroid with time. A 28 simple analysis of this behavior is that there were time intervals within which the centroid 1 shifted to larger scales. To illustrate the character of this shift, the spectrum of 2 m a for day 2 2940 (point A on Fig. 8a ) when the centroid was 82 (Fig. 8b) was contrasted with the 3 spectrum on day 3150 (point B on Fig. 8a ) when the centroid had decreased to 62 (Fig. 8c) . 4
The spectra after the shift (Fig.8c) showed a decay of energy for M-modes with m >100. 5
From another perspective, 2 m  did not demonstrate a power behavior with m (not shown).
6
This indicated that the classical inverse cascade was not observed in our analysis of the 7 satellite data. A specific mechanism for the reduction of the spectral centroid position will be 8 studied in another paper. It may be caused by three dimensional or other effects. 9
The mechanism of QZJ generation due to near-resonance inter-scale interactions is similar to 10 that suggested by Lorenz (1972) However, in contrast to Lorenz (1972) , modulational instability dominated the mesoscale 19 flow off California and there was channeling of energy not only to QZJs but also to BAOs. 20 This is a typical self-organized process. Energy was pumped by wind into the ocean and then 21 it was re-distributed between scales so that robust regular structures (QZJs and BAOs) were 22 formed due to nonlinear interactions between scales (Nicolis and Prigogine, 1977) . 23 Note that the oceanic eastern boundary current off California is a baroclinic system. SSHs 24 observed from satellites are also a baroclinic system. The baroclinicity can influence the 25 modulational instability in two ways. First, if waves participating in modulation instability 26 seem to be barocinicly stable then their wave characteristic scales and others should be 27 different than for barotropic waves only. Second for Rossby waves generated by baroclinic 28 instability a small modulation with a period of the same order as the internal dynamical 29 timescale can completely destabilize the non-linear system, leading to chaotic solutions even 30 for small supercriticality. See, for example Hart (1979) , Hart(1989) The M-modes introduced by Eq. (1) generate an appropriate phase space. Hence, the 27 underlying structure of quasi-zonal jets and inter-scale interactions forming these jets can be 28 analyzed through the phase-frequency analysis of M-mode dynamics using amplitude-phase 29 variables. Phase synchronization corresponds to the case when the phase difference between 30 two oscillations is zero. Phase locking assumes this difference is constant (Pikovsky et al.,  1 
2001). 2
Using (2) does not solve the problem of phase synchronization/locking events because 3 estimates have shown that in this case only the 1999-2001 phases can be observed. 4
Therefore, another definition of phase synchronization/locking events based on Pereira et al. 5
(2007) is used. They suggested that phase synchronization/locking events in a nonlinear 6 system can be detected through correlations between local maxima and minima of system 7 variables in phase space. In this study, amplitudes of M-modes were used as system 8 variables. Two modes were in phase (anti-phase) if the difference between two times j t and 9 * j t corresponding to two neighboring maxima or two neighboring minima was less than some 10 Appropriate histograms calculated as discussed above are shown in Fig. 9 . It is clear from 17 these histograms that quartets (four wave interacting structures) were detected in two different 18 spectral bands. First, modes corresponding to QZJs, annual Rossby waves, semi-annual 19
Rossby waves and MEs from the 5th spectral band formed quartets which were responsible 20 for energy transfer from Rossby waves to the QZJs (Fig. 9a,c,e,g ). Phases of all these modes 21 were locked that indicates strong interactions between these modes. These quartets 22 corresponded to maximum values of 2  . The quasi-zonal jets had maximum lengths (long 23 jets) when the number of synchronization events was maximum. 24 Second, modes which corresponded to BAOs (with scales from 2 to 3 years) correlated with 25 semi-annual Rossby waves and mesoscale eddies from the 5th and 6th spectral bands (Fig.  26   9b,d,f,h ). Phases of all these modes were locked that indicates strong interactions between 27 these modes. In this case the energy was transferred from Rossby waves to BAOs. Forming 28
BAOs from semi-annual Rossby waves demonstrated the possibility of inverse cascades of 29 energy to accelerate this process. Again these quartets corresponded to maximum values of 30 η2. However, since BAOs are not QZJs, they cannot have maximum length when the number 1 of synchronization/locking events was maximum. But modes forming these oscillations have 2 maximum amplitudes too. 3
Note that QZJs and BAOs did not interact with one another over the length of the data record. 4
However, this does not mean that these processes were linear. 5 6
Conclusions 7
Some evidence of a self-organized process in the CCS is given here. It occurred when QZJs 8
and BAOs were formed due to near-resonance inter-scale interactions through modulational 9 instability. The number of observed quartets was 10 times larger than the number of induced 10 triads. As a consequence, SSH signal was transferred from annual and semiannual Rossby 11 waves and mesoscale eddies to lower frequency current structures such as QZJs and BAOs. 12
This example demonstrates modulational (Benjamin-Feir) instability in which the carrier 13 wave is phase locked with the side bands. 
